Background
==========

The human protein kinase C (PKC) family of serine/threonine kinases comprises nine distinct isotypes with essential roles in cellular activation and differentiation in diverse cell types. They are, for example, known to phosphorylate several cellular proteins, leading to modulation of surface antigens, activation of other protein kinases, and induction of several key transcription factors, including aberrant signaling responses contributing towards malignant transformation \[[@B1]\]. Like many other signaling effectors, PKC is not a single entity but constitutes, at the gene level, nine different isotypes - PKCα, β, γ, δ, ε, ζ, η, θ and ι. PKC became the focus of attention among cell biologists interested in signal transduction and tumorigenesis after it was discovered that it is activated not only by the inositol phospholipid-derived second messenger diacylglycerol, but also by phorbol esters and other tumor promoters \[[@B2]\]. Members of the PKC family have been implicated in numerous cellular responses in a large variety of cell types \[[@B3]\]. PKC isotypes can be grouped into three subfamilies on the basis of their domain structure: the first subfamily includes the Ca^2+^-dependent PKCα, β and γ isotypes. These kinases contain, in addition to the catalytic C3 protein kinase domain that is shared by all members of the family, a phospholipid- and diacylglycerol/phorbol ester-binding C1 domain and a Ca^2+^-binding C2 domain. PKCδ, ε, η and θ contain the conserved C1 domain but only a C2-like domain, defective in Ca^2+^ binding. PKCζ and ι completely lack the C2 domain and their C1 domain contains only one of the two cysteine-rich zinc-finger-like motifs present in all other isotypes (for a review see \[[@B4]\]).

The reasons for the heterogeneity of PKC isotypes are not yet fully understood. However, the differences between these distinct PKC isotypes with respect to cofactor dependencies, subcellular localization, and tissue distribution (including levels of expression in a given cell type), suggest that they may be independently regulated through coupling to distinct receptor signaling pathways and possess different substrate specificities \[[@B4]\]. In this context, the expression of more than one PKC isotype in a cell potentially provides it with the ability to mount heterogeneous responses to diverse extracellular signals. However, many gaps remain in our knowledge of the detailed functions of PKC in certain important cell types such as T cells. Nevertheless, the potential relevance of PKC isotype-specific function(s) in the etiology of a number of human diseases is much discussed (\[[@B2]\] and see below).

To date, human and other mammalian PKC loci have not been systematically characterized, and very little is known regarding structural differences between the isotype genes. We previously focused on the genomic structure of the PKCθ gene \[[@B5],[@B6]\] and its function (for a review see \[[@B2]\]). We now report the complete chromosomal localization and analysis of the structure of the PKC loci. In a critical first step, we systematically defined the chromosomal locations of all nine human PKC loci using cloned contigs of cosmid and/or bacterial artificial chromosome (BAC) probes and fine chromosomal mapping by fluorescence *in situ* hybridization (FISH). In addition, making use of the complete human genome draft sequence and bioinformatics tools, we have determined the gene organization of the human PKC gene loci as a resource of structural, functional, and positional candidate genes usage. Given the multiplicity of reported PKC functions in numerous cell types, this structural genomic information on the PKC gene module may assist investigations of biological processes regulating cell proliferation, differentiation and survival.

Results and discussion
======================

Chromosomal fine mapping of the nine PKC loci by FISH analysis
--------------------------------------------------------------

Genomic clones were isolated under high-stringency hybridization conditions from human genomic libraries using cDNA probes for the nine human PKC isotypes. Genomic PKC clones confirmed by polymerase chain reaction (PCR) (up to five clones per gene) were subsequently used to determine the human chromosomal location of the PKC gene module using FISH. Fluorescent doublets were observed in the majority of the metaphases on each of the two sister chromatids at the positions indicated in Figure [1a](#F1){ref-type="fig"}, which shows the composite karyotype of the nine distinct PKC genes. No other chromosomal site exhibited significant fluorescent signals (data not shown). The fluorescence intensity of up to eight signal-carrying chromosomes was measured to create a highly significant average green-to-red profile. This profile was linearly interpolated to the size of standard chromosomal ideograms, allowing an objective assignment of fluorescent signals to a chromosomal band. The diagrammatic presentation of fluorescent spot distribution on metaphase human chromosomes is shown in Figure [1b](#F1){ref-type="fig"}.

Thus, the chromosomal location of all members has been fine-mapped to confirm and/or correct the existing data set. As Table [1](#T1){ref-type="table"} shows, out of the nine human PKC members, five isotypes - PKCα, β, δ, ζ and ι - had not been correctly assigned to individual human chromosomes in the existing literature \[[@B5],[@B7],[@B8],[@B9],[@B10],[@B11],[@B12],[@B13]\]. A comparison of our chromosomal locations for PKC genes with the genome-draft assignments (HUGO), confirmed our results overall; however, our detailed FISH analysis provided enhanced mapping resolution.

In particular, the reported localization of the PKCι gene locus to the X chromosome (Xq21.3 \[[@B13]\] and HUGO, see Table [1](#T1){ref-type="table"}) could not be confirmed, as we detected an additional FISH signal at 3q26. Once isolated from the human genome draft sequence, the Xq21.3 chromosomal DNA sequence harboring PKCι was revealed to be a processed pseudogene similar to the authentic gene at 3q26. This PKCι Xq21.3 pseudogene contains an uninterrupted open reading frame (ORF) and no introns, consistent with an origin through retrotransposition. Interestingly, it is identical to the PKCι gene sequence except for one point mutation at the stop codon (Figure [2](#F2){ref-type="fig"}), which elongates the ORF by 27 amino acids. The PKCι Xq21.3 pseudogene may therefore be expressed. Because of the extremely high identity of the two prospective PKCι mRNAs, this possibility could only be investigated further by using an antibody designed to detect the additional 27 amino acid sequence of a putative pseudogene protein product, and such an antibody is not yet available.

In addition to the PKCι locus at chromosome 3q26 (and the Xq21.3 pseudogene) another PKCι genomic sequence is found in the draft human genome, which had been mapped (in the database) to chromosome 12 (BAC KlonRP11-147C2). An alignment of intron placement in the chromosome 12 and chromosome 3 PKCι genes indicated the highest possible homology in their genomic organization; for example, the chromosome 12 PKCι gene contains (as well as the 17 introns) 18 exons identical in size and sequence to those of the 3q26 PKCι gene identified by FISH (data not shown). As no FISH signal for a PKCι sequence could be observed on chromosome 12, this apparent \'highly conserved gene duplication\' is most probably the result of an *in silico* error in the assembly of the draft sequence, confirming the existence of errors in the existing sequence.

PKCγ, ζ and θ are found to map to the most distal parts of their chromosomes (PKCγ at 19q13.4, PKCζ at 1p36.3 and PKCθ at 10p15), suggesting that there might be a telomeric position effect modifying these genes\' expression throughout the replicative lifespan of human cells. However, there is no experimental evidence on this at present.

Genomic organization of the PKC gene module
-------------------------------------------

Using HUGO and bioinformatics tools, we have dissected the genomic organization, that is the characterization of the exon/intron structure, of the nine PKC isotype genes (Figure [3](#F3){ref-type="fig"}). The PKC loci range in size from approximately 24.4 kilobases (kb) (PKCγ) to 480 kb (PKCα), and are composed of 14 to 18 coding exons and 13 to 17 introns, varying in size from 94 to 188,435 base pairs (bp). The exons are small to intermediate in size, ranging from 32 to 381 nucleotides. All intron-exon junctions appear to comply with the GT-AG rule. Considering the common evolutionary origin of this gene family (as shown by a cDNA-based phylogenetic tree of PKC and its closest relative, PKD, Figure [3a](#F3){ref-type="fig"}), it is not surprising that some of their exon structures are identical (and nearly homologous in their amino-acid sequence) within the PKC subfamilies (Figure [3b](#F3){ref-type="fig"}). The AUG translation initiation site for the ORFs of PKCα, β, γ, ε, ζ and η is located in exon 1, for PKCδ, θ and ι one intron is located in the 5\'-untranslated region (5\'-UTR) and only the subsequent exons determine the functional domains of the PKC proteins. Nevertheless, the existence of additional exons within the 5\'-UTR cannot be excluded at this point.

These structural genomic data can be used to represent the phylogenetic relationships of the PKC genes. The organization of the regulatory and catalytic subdomains of PKC has been remarkably preserved during evolution: using the exon structure of PKCα as a reference, exons 10-15 within the catalytic domain share the highest similarity in size, organization and primary structure among conventional (c)PKC and novel (n)PKCs, but not atypical (a)PKCs. aPKCζ, and ι are very distinct from cPKC and nPKC within the exon structure of the catalytic domain. Along this line, aPKCι and aPKCs appear particularly conserved between each other in both their regulatory and catalytic domain structures. Within the regulatory domain, the subfamilies cPKC, nPKC and aPKC are clearly distinct from each other, and there is even a split within the nPKCs into the D-forms, PKCδ and θ, and the E-forms, PKCε and η. Also, cPKCα and cPKCβ appear more closely related to each other than to cPKCγ. Overall, the data suggest that gene duplication followed by intron loss and/or insertion and exon shuffling have been important in the evolution of the PKC gene family. This careful *in silico* dissection of the gene fine structure is also a prerequisite to an efficient search for potential abnormalities in the PKC genes.

Alternative processing of PKC gene transcripts
----------------------------------------------

The existence of alternative splice variants of PKC within certain tissues is an attractive option for providing further heterogeneity in PKC, reflecting the diverse pathways of signal transduction within these cells.

Alternative splicing is currently known for at least one human PKC isotype. Two distinct PKCβ cDNA clones have been isolated that encode sequences of 671 and 673 amino acids, respectively, which differ from each other only in the carboxy-terminal regions of approximately 50 amino acids \[[@B14],[@B15]\]. Characterization of the PKCβ chromosomal gene provided direct evidence of the existence of two adjacent carboxy-terminal exons that could be alternatively spliced to generate two types of PKCβ \[[@B16]\]. Importantly, these splice variants, PKCβI and βII, appear to be expressed in a tissue-selective manner, suggesting that their functions are different.

PKC splicing variants are known in rodents
------------------------------------------

A mouse variant of PKCδ - PKCδII - has recently been described \[[@B17]\]. This has a 78 bp (26 amino acid) insertion into the caspase-3-sensitive site in the V3 domain of the original PKCδI sequence, which renders the PKCδII isoform insensitive to caspase-3. PKCδI is detected in most tissues, whereas PKCδII was expressed selectively in the testis, ovary, thymocytes, brain and kidney \[[@B18]\].

In addition, a carboxy-terminal truncated form of PKCδIII exists in rats, which has an 83 bp out-of-frame insertion at the same site in the V3 region \[[@B18]\]. Genomic DNA analysis revealed that the difference between mouse PKCδII and rat PKCδIII is due to a different sequence at the critical 5\' donor splice sites (data not shown). PKCδIII, which represents just the regulatory domain, might show a dominant-negative effect against PKCδI, and thus alternative splicing involving this variant might modulate signaling pathways.

Two forms of rat PKCζ RNA, with different 5\' ends, have been reported. The major form (PKCζ wild type) is expressed ubiquitously, whereas the smaller form - protein kinase M ζ (PKMζ) - which encodes just the catalytic domain of the enzyme without most of its regulatory domain, is predominant in normal brain and certain rat prostate tumors. The rat PKCζ gene locus appears to contain two alternative promoters from which it can be transcribed to give two transcripts with 5\'-end heterogeneity \[[@B19]\].

Finally, a PKCθII cDNA clone has been isolated from mouse testis, encoding a unique 5\' sequence of 20 amino acids and the PKCθI (= wild type) sequence of 444 amino acids. The transcription of PKCθII RNA is initiated from the PKCθII-specific exon, which is located between exons 7 and 8 of the PKCθI gene, indicating that alternative splicing is the mechanism by which PKCθII is generated. PKCθII is expressed exclusively in the testis in an age-dependent manner with sexual maturation. Consistent with its lack of a C1 regulatory domain, PKCθII is constitutively active and may have a crucial role in spermatogenesis \[[@B20]\].

The determination of single-nucleotide polymorphisms within the human PKC gene module
-------------------------------------------------------------------------------------

The authentic PKC gene loci present in a single copy in the human genome have been analyzed in detail for single-nucleotide polymorphisms (SNPs) using resources from the National Center for Biotechnology Information website \[[@B21]\]. Among the 11 SNPs within the coding regions of the PKC gene module currently known from these databank searches, only two (one each in PKCδ and PKCη, respectively) give rise to non-synonymous codons and create missense mutations (Table [2](#T2){ref-type="table"}). These missense mutations do not exert an effect on kinase function in any obvious way, even though an effect cannot be ruled out at this time. Overall, the human PKC genes appear not to be highly variable regions as characterized by SNP analysis; however, the available exonic SNPs appear sufficient to be used for haplotyping purposes in linkage and/or association studies.

Chromosomal location of fine-mapped PKC gene loci with human disease loci
-------------------------------------------------------------------------

Using the Cancer Genome Anatomy Project \[[@B22]\], a comparison of the chromosomal location of these nine fine-mapped PKC loci with human disease loci revealed chromosomal aberrations/breakpoints in these regions in, for example, patients with malignant disease (Figure [4](#F4){ref-type="fig"}). In particular, the locations 17q24 (PKCα), 19q13 (PKCγ), 3p21 (PKCδ), 2p21 (PKCε), 1p36 (PKCζ) and 3q26 (PKCι) are noteworthy, as deletions or balanced translocations involving these defined chromosomal regions are frequently described in naturally occurring malignancies. Thus, in theory, PKC-family genes could be affected as possible disease candidate genes in accidental recombinations during intrachromosomal rearrangement or even interchromosomal translocations, as in the deleterious joining of *abl* sequences to the immunoglobulin or *bcr* loci that leads to malignancy (via gain-of-function). However, many other genes involved in the regulation of cell activation, proliferation and apoptosis are also included in these chromosomal regions. Nevertheless, our mapping results suggest that some PKC isotypes could be candidate genes involved in human cancer.

Members of the PKC family have been consistently implicated in aberrant signaling responses contributing to malignant transformation, for example, as intracellular receptors for tumor-promoting phorbol esters, which have been shown to protect various cells, including T cells, from apoptosis \[[@B23],[@B24]\]. As a result of this potentially transforming capacity of PKC-family genes, the aberrantly high expression levels of distinct PKC isotypes found in most tumor cell lines argue for a functional link between PKC and oncogenesis (G.B., unpublished work). Chronic recruitment of PKCθ (by an undefined mechanism) into the membrane fraction of malignant cells has been reported in cell lines derived from patients with T-cell leukemia \[[@B25]\]. Other, more definitive, results show that both Bcr-Abl and PKCι activity are necessary for resistance to apoptosis in hematopoietic K562 cells, supporting a functional role for PKCι in the survival of leukemia cells \[[@B26]\]. Recent studies, including our own \[[@B23],[@B27]\], have directly linked distinct PKC isotypes to molecular pathways regulating apoptosis. But in spite of the putative role of PKCs in cellular growth control and differentiation, no clinical example of a causative role of PKCs in primary cell malignancy has yet been published. It remains to be seen whether the genetic dissection of naturally occurring malignant somatic cell mutants will eventually establish a link between PKCs and clinical disease.

A directed search for potential loss-of-function (and most likely recessive) mutations in the PKC loci, potentially associated with distinct genetic syndromes, will now be initiated. Along with information from biochemical work on signal transduction, tissue-specific expression patterns and phenotypes of the currently established mouse loss-of-function PKC isotype knockout lines (\[[@B28],[@B29],[@B30],[@B31],[@B32],[@B33]\] and G.B., unpublished work), the genomic fine mapping reported here will enable genetic studies in defined groups of patients to search for functional PKC polymorphisms or mutations associated with familial genetic defects or abnormalities. Given the enormous increase in genetic and molecular databases, bioinformatics approaches should continue to improve and develop into useful tools for evaluating hypotheses, with only the very promising ones being subjected to empirical testing. This human genetic, and therefore long-term, approach may aid in delineating the basic physiological and possible pathophysiological functions of the PKC gene module, and may illuminate whether and eventually how PKCs are involved in human genetic disease.

Materials and methods
=====================

Cosmid and BAC clones were isolated from human single-chromosome libraries from the Human Genome Mapping Project (HGMP) Resource Center (Los Alamos National Laboratory and the Laurence Livermore National Laboratory) as described in \[[@B34],[@B35]\]. FISH analysis was carried out essentially as described in \[[@B5],[@B36]\]. Comparative genomic hybridization (CGH) analysis software (MacProbe 3.3) was used to statistically determine the chromosomal localization of the hybridized probe. Long-range PCR was carried out using the DNA polymerase Elongase™ as described by the manufacturer (Gibco/BRL, Gaithersburg, USA).

FISH and detection by immunofluorescence was carried out on metaphase chromosome preparations from phytohemagglutinin-stimulated human lymphocytes from healthy probands. For each slide (area 18 × 18 mm), a total of 200 ng biotinylated DNA probe. Post-hybridization washes were carried out to a stringency of 0.1 × SSC at 45°C. The biotinylated probe was detected using FITC-avidin conjugates (Vector Laboratories, Burlingame, USA) and one round of signal amplification. The data were recorded as a digital fluorescence image and processed by the MacProbe 3.3 software (PSI, London, UK) on a Leitz Aristoplan microscope equipped with integrating color CCD camera (Xbyion Electronic Systems, Cedar Knolls, USA). For each probe a minimum of 20 metaphases were analyzed by recording fluorescent spots on chromosomes and comparing them with images of DAPI-banded chromosomes.
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![Chromosomal mapping of the nine human PKC gene loci by FISH to metaphase spreads. **(a)** Composite karyotype of the nine distinct PKC genes assigned by FISH (in green) to human metaphase spreads (DAPI/PI banding). The PKC gene product label indicates the assignment of the averaged fluorescence peak to the corresponding chromosome band. **(b)** Ideograms depicting the distribution of fluorescent spots (indicated by vertical bars at the side of the ideograms). Each mark represents the localization of one hybridization spot; n = number of metaphases scored.](gb-2002-3-3-research0014-1){#F1}

![Amino-acid sequence of the PKCι Xq21.3 pseudogene. The uninterrupted ORF is in red. The point mutation reverting the wild-type TGA stop codon to CGA is shown in blue.](gb-2002-3-3-research0014-2){#F2}

![The evolutionary relationships and structures of the nine distinct human PKC genes. **(a)** A cDNA-based phylogenetic tree of PKC isotypes and their closest relative, PKD. **(b)** Evolutionary comparison between the PKC genomic gene sequences revealed subfamily-specific genomic organization. Within the subfamilies (grouped in rows), the color-coding indicates different collections of conserved exon sizes between loci.](gb-2002-3-3-research0014-3){#F3}

![Comparison of the human PKC gene loci with chromosomal localization of balanced aberrations in tumors using data from the Cancer Genome Anatomy Project \[37\]. In addition to the chromosomal abnormality data listed to the right of each gene locus structure diagram, information on the tissue expression of the gene (from expressed sequence tag (EST) databases) and on known human mutations \[38,39\] is given. Several of the PKC loci are noteworthy, as deletions or translocation events in this chromosomal region are described in the breakpoint map of recurrent chromosomal rearrangements in human neoplasia \[22,37\]. Cytogenetic studies on recurrent balanced chromosomal aberrations in all hematological malignancies and solid tumors published are collected in \[37\].](gb-2002-3-3-research0014-4){#F4}

###### 

Critical chromosomal regions of the PKC gene module

  PKC       HUGO              Literature        FISH       Mouse
  --------- ----------------- ----------------- ---------- -------
  alpha     17q22-q23.2       17q22-23.2        17q24      11
  beta      16p12-p13.1       16p11.2           16p12      
  gamma     19q13.2-13.4      19q13.4           19q13.4    7
  delta     3p21              3p                3p21.2     14
  epsilon   2p21              2p21              2p21       
  zeta      1p36.2-36.33      1                 1p36.3     
  eta       14q               14q22-23          14q22-23   12
  theta     10p15             10p15             10p15      2
  iota      Xq21.3 (pseudo)   Xq21.3 (pseudo)   3q26       

###### 

SNPs of the PKC gene module

  PKC       cDNA                 Protein                                        
  --------- -------------------- ---------- --------- --------------------- --- -----------
  beta      C 2167 T (3\'-UTR)   X06318.1             Untranslated region       rs424741
  delta     C 1182 T (exon 12)   L07860.1   S 375 F   NP_006245.1           2   rs1056998
            A 445 G (exon 5)     L07860.1   Q 129 Q   NP_006245.1           3   rs1135095
  epsilon   T 1587 C (exon 11)   X65293.1   H 524 H   NP_005391.1           3   rs1143691
            C 1776 T (exon 12)   X65293.1   S 587 S   NP_005391.1           3   rs1143692
  eta       G 678 A (exon 5)     M55284.1   R 172 H   NP_006246.1           2   rs1042559
            A 1837 G (exon 13)   M55284.1   N 558 N   NP_006246.1           3   rs1088680
            G 2285 C (3\'-UTR)   M55284.1             Untranslated region       rs1139537
  theta     T 2206 A (3\'-UTR)   L07032.1             Untranslated region       rs1065081
            T 2554 C (3\'-UTR)   L07032.1             Untranslated region       rs663532
            C 2636 T (3\'-UTR)   L07032.1             Untranslated region       rs2453

Data retrieved from \[21\].
